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28 February 2013
The long-standing focus of our program is to provide precision measurements of the
structures of reactive species that are invoked to explain macroscopic behavior, but have proven
impossible to obtain using traditional methods of chemical analysis. The specific goal of the
work carried out under this grant was to develop a new and general way to isolate key reaction
intermediates in the condensed phase catalytic conversion of carbon dioxide and water into
transportable solar fuels. Because such measurements cannot be obtained with commercially
available analytical instruments, we designed, constructed and implemented a chemical analysis
apparatus specifically created to capture and structurally characterize transient species central to
chemical processes relevant to AFOSR goals. The scheme is based on extraction of
homogeneous catalysts from their native solution environment and isolating them free from
solvent using an electrospray atmospheric pressure interface to a custom built, multi-stage,
cryogenically cooled photofragmentation mass spectrometer. The key advance incorporated into
this instrument is the introduction of a cryogenic (10K) ion processing stage, where ions can be
frozen into well defined structures and coated with an inert layer of weakly bound adducts
(typically Ar, Hy, or Ny). These aggregates are then complexed with CO, or H,O to initiate
chemical rearrangements under conditions where the reactions can be arrested prior to
completion by rapid evaporation of the cryogenic solvent. Thus captured, the structures of the
intermediates are determined by theoretical analysis of their vibrational spectra, obtained in an
isomer-selective manner using multi-step infrared laser excitation. After demonstrating the
capabilities of this approach to unravel intermediates in catalytic transformation of nitrosonium
into nitrous acid, a key reaction in the ionosphere, we obtained the structures of critical
intermediates in the pyridine-based photoelectrocatalytic reduction of CO, as well as several

oxidation catalysts based on Ir, Mn and Ni organometallic compounds.
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I. EXPERIMENTAL APPROACH

The basic layout of the instrument used in our AFOSR work is shown in Fig. 1. This
instrument consists of a versatile set of ion sources that deliver species of interest into three laser
interaction regions and three stages of mass selection. This configuration allows routine
determination of isomer-selective vibrational (and, for negative ions photoelectron) spectra of
species cooled and “tagged” with weakly bound mass “messengers” (e.g., Ar, Hz, N, etc.). Such
tagging serves two purposes: first it ensures the target species are cold and second, it enables
acquisition of spectra in a linear action mode (i.e., where photofragments are monitored as a
function of excitation frequency.) The latter feature is crucial because it allows the use of rather
low power table top lasers throughout the IR, and also yields spectra that are directly related to
calculated absorption spectra. During the course of the previous grant, we dramatically
broadened the scope of chemical systems that can be studied by implementing atmospheric
ionization (e.g., electrospray) in conjunction with cryogenic ion processing to allow the action
spectroscopy methods to be applied to species extracted directly from solution. That component
of the instrument is shown on the left of Fig. 1, and is interfaced directly to the powerful optical

Photoelectron
Imager

Temperature Controlled
lon Trap

Mounted to He Cryostat
ry Pulsed

1
! 1
I 1
! 1
! | Val Reflectron-1 Reflectron-2
| - ' Wikey- alve o eflectron Olotr.' eflectron
I DC-Turning | McLaren Optics Coaxial ptics
1 Quad | TOF TOF
| —— —=
1 1 * 1 2m Flight Tube ]
! 1
- i DR = moe= | \\\\ ma= { \\\\
: f’ﬂ‘t 1 1
Differential I
: Aperture ﬂm 1 Jél- m'\ (D'\
|Electron
1 MCP MCP
| I—}-:: = \RF-Ion : Gun Nd:YAG H opro/orPA % Detector Detector
: = Guides 1 | Tunable IR
= 1 Tunable IR 600-4500 cm't
. s . 600-4500 cm-t Wavemeter o
I Skimmers m 1 < 0]
: L e ! o) N
ﬂr . Heated 1 o 5
: Capillary 1 Nd:YAG || % z
1 ESI :
1 Needle 1
L e e e - o a

Fig. 1. Schematic of the custom-built Yale triple-focusing mass spectrometer, a versatile spectroscopic platform
for structural characterization of cold, isomer-selected gas phase ions. The atmospheric ionization source (green
box) was added during the course of the previous grant.



spectrometric capabilities developed to study Ar-solvated ions initially created in the free jet. In
addition to this instrument, however, we have also commissioned a new lab in the spring of 2011
which features a 7T superconducting ion cyclotron resonance spectrometer (ICR) which has
much higher (~100X) mass resolution.

I1. RESULTS

IIA. Water cluster-mediated conversion of NO* to HONO in the ionosphere: Network

dependence of proton coupled covalent bond formation

An interesting aspect of ion chemistry in Earth’s atmosphere comes from the field
observation (by an Air Force rocket-based probe) that cations in the D-region of the ionosphere
primarily occur as protonated water clusters, in spite of the fact that the direct ionization
mechanisms create ions derived from the abundant nitrogen and oxygen molecules. This
phenomenon has been rationalized by a water cluster-mediated scheme in which nitrosonium,
NO*, is converted to nitrous acid, HONO, and protonated water upon the addition of the fourth
water molecule to the growing hydration shell:

NO™(H20)s + H,O — H™-(H,0)3 + HNO-. (1)

This reaction involves the chemical activation of a water molecule by charge translocation from
the NO" solute ion onto the water network with concomitant N-O bond formation. Our interest
in this system was first to demonstrate the capabilities of the new instrument, and second to
explore some motifs that are closely related to those at play in the chemical transformation of
water molecules in biomimetic water splitting for the storage of solar energy. Specifically,
critical steps in both are O-O bond formation in photosynthetic water oxidation and N-O bond
formation in HONO production, which in each case involves removal of the H atoms by proton
transfer and concomitant charge translocation to the surrounding medium. For decades, it had
been speculated that the water-mediated NO™ conversion to HONO must involve unusual
configurations of the water network, and we set out, at the request of Albert Viggiano at AFRL
(then at Hanscom), to reveal the operative solvent configurations using cryogenic ion chemistry
to trap metastable configurations of the trihydrate:

NO™- (H0)2-Arp + H,0 — NO™- (H,0)3-Argq + p-q Ar. (2)

This work effectively leveraged our long-standing efforts to understand the behavior of water

networks in the immediate vicinity of an ion.



The key to understanding the NO*(H,0), system was the implementation of isomer-
selective IR-IR hole burning spectroscopy. This technique, developed in our lab under AFOSR
support, uses two lasers and three stages of mass selection to isolate the vibrational signature of a
particular isomer. In this case, we recovered three isomeric structures for the critical NO*(H,0)3
cluster that displayed drastically different degrees of chemical activity. Theoretical analysis
(provided by Profs. Anne McCoy (The Ohio State U.), Ken Jordan (U. of Pittsburg) and Ryan
Steele (now at U. of Utah)) of the isomeric structures revealed the extent of charge transfer and
heavy atom bond formation. This can be readily seen in the electron density difference plots
shown in Figure 2, where the 3-y (spectrum in blue) isomer indeed shows the largest degree of
N-O bond formation. Our analysis provides an explicit, molecular-level description of the
“solvent coordinate,” ubiquitous in the discussion of aqueous chemical reactions and is an
important step toward understanding how network geometries control water activation and heavy
atom bond formation. This work [ref. (3)] was reported as an article in Science and appeared
along with a Perspective (http://www.sciencemag.org-/content/327/5963/280.short) in addition to
being highlighted by the editors of Nature Chemistry (http://dx.doi.org/10.1038/nchem.578).

In a follow-up paper, we combined theoretical analysis (this time with Jurgen Troe),

(AFRL), and photoactivation (Yale)
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Fig. 2. lsomer-specific IR-IR hole burning spectra (colored)  Playing the role of distinct reaction
revealing two of the three NO*-(H,O); isomers present in the
vibrational predissociation spectrum (black). The reactive isomer
(blue) is clearly evident by the strongly red-shifted bands in the ~ metastable  configurations  are
upper trace, where two water molecules in the second solvation
shell promote proton transfer and concomitant N-O covalent bond

formation. bimolecular encounters.

pathways, but more likely these

sampled in the course of most



I1B. Isolation of the carbamate free radical anion invoked in the mechanism for photo-

electrochemical activation and conversion of CO, to methanol
Our long standing expertise on

the properties of CO, clusters enabled a C-N bond formation

very effective first venture into issues

central to CO, activation. Because

activation schemes often involve

electrochemical reduction, it is critical

Predissociation Yield

that at least partially bent CO, moieties — T T
1000 1200 1400 1600 1800 2000 2200 2400

be accessible (recall that the CO, anion, Photon Energy, cm™

like isoelectronic NO,, is bent). A very  Fig. 3. Probing the formation of the carbamate ion from the
reaction of pyridine with negatively charged CO, clusters
using vibrational spectroscopy. The vibrational band
Bocarsly’s recent report of pyridine- highlighted in red indicates the appearance of the C-N
stretching transition associated with formation of the covalent
bond to the CO, group.

exciting development in this regard is

catalyzed photoelectroreduction of CO,
to methanol (and other value-added
products like formaldehyde and formate). We demonstrated a powerful way to access the radical
anion intermediates by reaction of key species with gas phase (CO;), clusters, which are readily
generated in ionized free jet ion sources. The carbamate anion radical was thus obtained by
condensation of pyridine (Py) onto the CO, clusters:
Py + (CO2),” > PyCO;(COy)q + (p-g-1) COs. (3)

The propensity of this system to undergo chemical reaction is of particular interest in light of
recent work suggesting that the formation of a carbamate between Py and CO; is the rate-
limiting step in the overall reduction to methanol. Theoretical analysis has found the formation
of a carbamate to be energetically unfavorable unless either the Py or CO, begins as an anion.
The CO,-Py radical anion is reminiscent of the CO, adduct to a nitrogen base isolated as a
zwitterion by Villiers and coworkers, where the C-N stretch was observed at 1605 cm™. The
results of our vibrational characterization of the Py(CO,)™ clusters are summarized in Fig. 3 and
published in ref. [4]. We determined that the C-N stretch in the Py(CO,)™ ion occurs at ~1270
cm, considerably lower than that found in the zwitterions. This behavior is consistent with the
idea that Py attachment provides an excellent CO, reduction catalyst because its adduct is quite

stable, but not so strong that it slows the overall reduction to methanol.
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It is useful to note that in a classic case of hydrogen adduct formation

serendipity, we have also carried out an extensive doubly-charged

parent

study of the anomalously large solvatochromic trap residence time: 10 ms

response of the C-H stretching mode in the

formate ion, HCO,™ (2456 cm™ in bare formate b) 5 20 ms

vs. 2803 cm™ in agueous solution). This is
particularly relevant to CO; reduction since the H™

+ CO, asymptote is formally the reaction

Signal Intensity (arbitrary units)

coordinate for reductive activation. That study

was carried out under DOE support for the

purpose of characterizing excess electron-induced

proton transfer in the formic acid dimer. The 72 74 76 78
Time of Flight (us)
strong solvent-dependence of the C-H stretch was
traced to a dramatic dependence of the electronic ~ F19- 4- Mass spectra demonstrating the effect of
trap residence time on H, tagging efficiency. The

wavefunction as the C-H bond is broken. Like the  doubly charged parent ion {OOC(CH 7)1,COQ") is
observed to accumulate increasing numbers of H,

situation in NaCl, formate exhibits rapid internal  molecules as the residence time is lengthened from
_ . . (a) 10 ms to (e) 50 ms. The asterisk in (a) indicates

charge-transfer as the H-CO;™ configuration of the  natural 3C abundance.

ion dissociates into H™ + CO, products. Although

not acknowledged in our papers directly under AFOSR support, the relevance to our work on

CO; activation illustrates the synergies at play in seemingly disparate projects.

I1C. Development of cryogenic ion chemistry to study microsolvated condensed phase ions
using tagging

Prior to this grant period, the scope of our program was limited to chemical species that
can be produced in ionized free jet expansions where, for small systems, the expansion itself can
quench the internal energy enough to generate Ar-tagged species. As such, this approach could
only be used on volatile species. To expand the range of systems accessible with “messenger”
spectroscopies, we integrated an electrospray ionization source into the TOF spectrometer with a
cryogenically cooled ion trap as indicated in Fig. 1. Our approach is a variation of that first
demonstrated by Wang et al. and efficiently cools a broad range of chemical species (e.g.
organometallics, polypeptides, carbohydrates, etc.) through collisions with He buffer gas in a
~10 K quadrupole ion trap. A variety of rare gas or small molecule tags (e.g. Ha, D2, Nj, Ar,
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etc.) can then be condensed onto the ion of interest by adding any of these to the buffer gas

mixture and adjusting the trap temperature. This is demonstrated with H; for the doubly charged

anion of dodecanedioic acid in Fig. 4, where increasing the trap residence time is shown to

increase the number of H, molecules on the anion. This capability was reported in ref. [5],

introduced with AFOSR support, has enabled us to rapidly engage catalytic systems currently

being optimized by our synthetic colleagues.

I1D. Structure of the catalyst-substrate complex for stereoselective bromination based on a

biomemetic host-guest approach

Catalytic  bromination of aryl
compounds provided an ideal context in
which to follow the multidentate linkages
that selectively bind a substrate (S) to a
peptidic catalyst (C), with the resulting
structure indicated at the top of Fig. 5. That
study has just been published in Science, in
ref. [8], again along with a Perspective, and
represents a collaborative effort between
our group and Scott Miller’s synthesis team
at Yale, along with theoretical support from
Anne McCoy (Ohio State).  Structural
analysis was achieved through extensive
use of site-specific isotope labeling as well
as IR-IR double resonance, where the lower
trace in Fig. 5 presents a typical difference
spectrum highlighting the fact that only a
few bands are significantly affected when
13C is placed in the acid group on the biaryl

substrate.

a) Nonsubstituted

CH,
rock?

b) *C Difference

1000 1200 1400 1600 1800

Photon Enengy (cmr?)
Fig. 5. Schematic structure of the catalyst-substrate (C-S)
docked species (top center) and the vibrational predissociation
spectrum of a) the unlabeled (all **C) catalyst-substrate species
and b), the difference spectrum resulting from incorporation of
a single *C atom into the acid functionality (highlighted in
red).



The ability to pinpoint transitions arising from particular oscillators (or group of
oscillators) embedded within complex structures will be crucial as we interrogate increasingly
large organometallic catalysts. The use of isotopic substitution enables identification of not only
the fingerprint of the ligand functionalities through selective incorporation of *3C and *N, but
can also isolate transitions associated with active intermediates like metal-O bonds through 20
substitution.

I1E. Characterization of an organometallic water splitting catalyst with cold ion vibrational
spectroscopy

Consistent with the main goal of
applying the cryogenic methodology to water

Free H,

spectra display very sharp (~5 cm™), well-
resolved bands as illustrated in Fig. 6, and as

*
splitting catalysts, we also obtained the J\l\m
vibrational predissociation spectra of two a) J aion a0 00
related organometallic, half-sandwich iridium A
: : ring C.o+  C-O+ipCH

spe_mes Wh_lch have_ been _recently reported as P o, C:gbend :k-
activated intermediates in the context of \ ‘k |/pyc-c
homogenous water oxidation. The resulting b) | M ﬂ \ cH

e

such, provide a stringent test for electronic 0 | @ H, str.
structure calculations. The observed bands are M\W‘ m i ﬂ /

accurately recovered by harmonic predictions. IrH, rock

The spectra also reveal subtle distortions of the I"H, bend '#

ligand structure when a solvent molecule g / ‘@ 7 "
(acetonitrile) is directly coordinated with the AL, ML 8~
meta| Centel‘. These resu'ts were reported in ref. 600 800 1000 1200 1400 1600 1800 2000 22002800 3000

Photon energy (cm)

[11]. At Fhe very end of this grand period, we Fig. 6: a) H, predissociation spectrum of 1-2H,
also obtained a spectrum of molecular oxygen and b-d) calculated (cam-B3LYP/SDD/6-

coordinated to a Mn atom in another oxidation ~ 311++G(d.p) level) structures and harmonic
. . spectra of b) bare 1, ¢) 1(H,) and d) 1H,.

catalyst, and a manuscript (ref. [13]) describing

that work has been submitted for publication.
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